Propagation characteristics of oblique incident terahertz wave from the nonuniform dusty plasma are studied using the propagation matrix method. Assuming that the electron density distribution of dusty plasma is parabolic model, variations of power reflection, transmission, and absorption coefficients with frequencies of the incident wave are calculated as the wave illuminates the nonuniform dusty plasma from different angles. The effects of incident angles, number density, and radius of the dust particles on propagation characteristics are discussed in detail. Numerical results show that the number density and radius of the dust particles have very little influences on reflection and transmission coefficients and have obvious effects on absorption coefficients. The terahertz wave has good penetrability in dusty plasma.
Introduction
Dusty plasma is a kind of ionized gas mixed with dust particles, and it is also called complex plasma. It exists in space environment widely, such as the interstellar cloud, planetary ring, and planetary magnetosphere, as well as in the fields of semiconductor science and materials science. Dust particles in dusty plasma affect the electromagnetic environments of near-earth's space and may cause important effects on space communications system. Dust particles in laboratory environments will produce pollution in the process of plasma etching of semiconductor chips. Due to the presence of dust particles, dusty plasma possesses many characteristics which are different from general plasma [1, 2] . Since the beginning of 1980s, the dusty plasma science has attracted the attention of a large number of scholars and has become an important branch of plasma physics.
At present, the interactions between high frequency electromagnetic wave and dusty plasma have become one of the research interests of many scholars. The dust particles in the plasma can change the physical properties of the general plasma through colliding with electrons, ions, charging, and electromagnetic force; for example, the dusty plasma system has unusual electromagnetic characteristics. Li et al. studied the absorbing effect of dusty particle on electromagnetic wave in plasma [3] , as well as the scatter spectrum of radio wave by dusty plasma [4] . Guerra and Mendonça presented the Mie and Debye scattering characteristics in dusty plasma [5] . Havnes et al. provided important results on the relationship between charged dust particle and PMSE phenomenon [6, 7] . Scales researched the electrodynamic structure of charged dust clouds in earth's middle atmosphere [8] . Shi et al. discussed the influence of charge and discharge process of dust particles on the dielectric constant and conductivity of dusty plasma [9] and gave the expression of the dielectric tensor of weakly ionized dusty plasma [10] .
Many studies show that terahertz (THz) wave has good penetrability in medium. The propagation characteristics of terahertz wave in dusty plasma will play an important role in the further analysis of dusty plasma effects on airground communication and may provide some theoretical basis for the dust particles pollution processing in the semiconductor laboratory. Li et al. [11] studied the propagation characteristics of THz wave propagation in plasma sheath and discussed the effects of incident angles and plasma collision frequencies on transmission parameters. In this paper, based 2 International Journal of Antennas and Propagation on propagation matrix method, the propagation characteristics of oblique incident THz wave from nonuniform dusty plasma are studied. Numerical results of the power reflection, transmission, and absorption coefficients are given, and the effects of incident angles, density, and radius of dust particles are analyzed in detail.
Basic Theory

Complex Permittivity of Weakly Ionized Dusty Plasma.
Dusty plasma is composed of dust particles, electrons, ions, and neutral molecules. The charging and discharging processes between electrons, ions, and dust particles will change the total currents of the dusty plasma system, thus affecting the conductivity and permittivity. Considering the effects of collision, charging, and discharging, [10] gave the relative complex permittivity of the dusty plasma as follows:
where the notation denotes = 4 2 V ; is the dust particles number density; is radius of a dust particle;
is the electron plasma frequency;
V / (V = / ) is the charging response factor; is the electron number density; is the electron mass; is the angular frequency; is the wavenumber of incident wave; and V eff is the effective collision frequency in dusty plasma.
The charging relaxation velocity [2] is
where is the Boltzmann constant and is the electron temperature.
Propagation Matrix Method of Oblique Incident THz
Wave. Consider a plane terahertz wave incident on nonuniform plasma, as is shown in Figure 1 . The time factor exp( ) is omitted. The incident electric field component is expressed as follows:
where = cos , = sin , and is the incident angle. Nonuniform dusty plasma is divided into layers. There is the same electron density in each layer and the electromagnetic fields component in each layer can be expressed as the sum of incident and reflected fields. According to the boundary conditions of electromagnetic wave at different medium interfaces, the expression of total reflection coefficient in the 0 layer and the total transmission coefficients in the + 1 layer [12] can be obtained by propagation matrix method as follows:
where and are the unknowns to be determined; 1 and 2 are the first and last column of matrix; and = (∏ =2 ) 1 .
The matrix gives the incident and reflected field coefficients between the adjacent two layers as follows:
) .
+1 is the matrix between incident and reflected field coefficients of the last interface. 
Numerical Results
Based on the dielectric constant expression of weakly ionized dusty plasma and the propagation matrix method for oblique incidence, numerical results of the propagation characteristics of terahertz wave incident on nonuniform dusty plasma are given, and the effects of different parameters on the power reflection, transmission, and absorption coefficients are analyzed. Figures 2(a)-2(c) show the variations of power reflection, transmission, and absorption coefficients with the frequency while THz wave illuminates dusty plasma at different angles. In the dusty plasma layer model, plasma parabolic model and certain dust particle number density are used. In Figure 2 , the number density of dusty particles is = 4 × 10 6 /cm 3 , the radius of a dust particle is = 5 × 10 −4 cm, and electron temperature is = 150 K; the plasma is divided into 20 layers and parabolic model is used to describe the electron distribution as follows: = 0 (1 − 2 / 2 ), 0 = 5 × 10 5 /cm 3 ; and the thickness of dusty plasma layer is = 1.5 cm. For the same incident frequency, reflection and absorption coefficients increase gradually with the increasing of incident angles; however, the transmission coefficients are just contrary. For the same incident angle, as the incident frequency increases, the reflection and absorption coefficients decrease gradually, while transmission coefficients increase gradually and are close to full transmission finally. The result shows that as the frequency of incident wave increases to THz wave band, there is a good transmission performance of the nonuniform dusty plasma. This is in agreement with the notion that THz wave has a good penetrability. Figures 3(a)-3(c) show the effects of dust particle number density on the reflection, transmission, and absorption coefficients. The calculation parameters are as follows: the radius of a dust particle is = 5 × 10 −4 cm; parabolic model is used to describe the electron distribution as follows: 0 = 5 × 10 5 /cm 3 ; electron temperature is = 150 K; the thickness of dusty plasma layer is 1.5 cm; and the incident angle is 30 degrees.
In Figure 3(a) , the number density of dusty particles has smaller effects on the reflection coefficients; the results between cases showing that there is no dust particles and that the number density of dust particles is = 8 × 10 6 /cm 3 are almost coincident. In Figure 3(b) , as the number density of dust particles increases, within the 0.05-0.25 THz bands, the transmission coefficients decrease gradually. However, as the frequency continues to increase, the transmission coefficients of three situations tend to 0 dB gradually, and the differences are not obvious. In Figure 3 (c), for the same incident frequencies, absorption coefficients increase gradually with the increasing of number density of dust particles. Meanwhile, as the increasing of incident wave frequency, absorption coefficients increase quickly. For the same number density of dust particles, absorption coefficients decrease gradually with the increasing of incident wave frequencies. as follows: number density of dust particles is = 4 × 10 −6 /cm −3 ; parabolic model is used to describe the electron distribution as follows: 0 = 5 × 10 5 /cm 3 ; electron temperature is = 150 K; the thickness of dusty plasma layer is 1.5 cm; and the incident angle is 30 degrees. For the dusty plasma that has the same number density of dust particles, as the radius of a dust particle increases, reflection coefficients change little; transmission coefficients change significantly in the range of 0.05-0.3 THz; and absorption coefficients decrease with the increasing of the dust particle radius.
Conclusion
The variations of power reflection, transmission, and absorption coefficients for case of THz wave obliquely incident on the nonuniform dusty plasma are analyzed by propagation matrix method. The effects of incident frequency, number density, and radius of dust particles on reflection, transmission, and absorption coefficients are presented numerically. The results show that the increasing of incident angles will increase the reflection and absorption coefficients and decrease the transmission coefficients; radius and number density of dust particles can affect absorption coefficients obviously, influence the transmission coefficients in a certain frequency band range, and have little effects on reflection coefficients. Results in this paper may provide a certain theoretical basis for further analysis and study of propagation characteristics of THz wave in the middle atmosphere in the future air-ground communication.
